The induction period ends when crystallization of a &id phase, such as Zeolite A or sodalite forms, thus providing a surface for continued growth at a lower energy of nucleation due to the presence of the newly generated seed. Following the appearance of a sufficiently seeded solution, the reaction rate increases. This delay is also partly due to the fact that the free energy associated with the formation of the mineral phase is counteracted by the high surface energy of the smallest aluminosilicate unit cell. At such a small size, the solubility of the first crystals formed can be expected to be many times more soluble than the reported mineral solubility; hence, this enhanced solubility tends to counteract the forward reaction of solids formation during this period.
REACTORS~ALINGA~D~POSITI~~~B~ERVATIONS
Observations pertaining to scaling and deposition have been an extremely important aspect of this kinetic study since this is the primary condition we are trying to avoid in the 2H evaporator. Establishing the kinetics of the reactions was of secondary importance but has led to valuable observations being made during sample retrieval and at the end of each test. Generally it can be said that upon using X-ray analysis on the numerous solids formed, either filtered from the bulk of the stirred solution or 'scraped from vessel surfaces, that the nitrate-nitrite-based sodalite ultimately formed in every case. With the exception of a precursor zeolite phase which was observed and is discussed in the next section, the sodalite phase appeared to form on select surfaces, controlled to some limited degree by solution movement within the reaction vessel.
The reaction vessel (304 SS) was made from nearly the same steel as in the 2H evaporator, except for a lower carbon content in the evaporator. Additionally, the laboratory vessels used had a scoured surface with surface roughness that was probably not present in the evaporator, a condition which could have aided in the attachment of solid particles. Unlike the evaporator, the solution in the reaction vessel was constantly stirred at 250 rpm; however, as reported in the literature, mixing is said to have no effect upon the desilication reaction rate and subsequent scale deposition on steel surfaces. 2o However, this work has shown that mixing appears to control at least the areas where there is an apparent absence of growth, with hydrodynamics playing some role in determining where scaling will consistently be absent.
Based upon visual inspection, coupled with using a spatula on the surface to feel for a smooth or rough surface, which is quite apparent when only a small amount of scaling is present, an assessment was made. The mixer propeller pushed the solution downward, causing a spiraling pattern to form on the vessel's bottom near the outer edges of the propeller tips, with a scale-free area always immediately below the propeller. The spirals formed a type of convolute surface which rose in curved; vertical strips with a scale-free area in between and parallel, always pointing in the direction of the solution movement. Side walls in the same plane as the propeller and just above it also remained scale free, with strange growths which looked likeshark's teeth scattered randomly and sometimes extending upward to just below the solution level at times.
These strange growths were never very numerous and were found to be exclusively sodahte. The growths had sharp points, which pointed oddly in the direction of the on-coming solution. Such an observation might not at first seem to be very significant; however, it may provide some insight into the mechanism of growth in that fine particles impacting a growing / 10 1 t, ?S rr surface are controlled by solution movement. Direct impacts to the tip of the growing point result in the maximum transfer of kinetic energy in the moving particle, maximizing chances for attachment there, while on the slopes of this surface, the particles do not attach as well due to the glancing angle at which the particles hit. All observations made during these kinetic tests seem to support this somewhat profound observation that particles (single crystals or their agglomerations) tend to best form a scale or deposition on vessel surfaces when there is a steep angle between the surface and particle trajectory. Also particles impacting other particles, stationary or moving, tend to agglomerate or attach to each other very well. Therefore, solution hydrodynamics appears to play an important role in the location and amount of solids deposited on reaction vessel surfaces. Of the three different AI:Si ratios and four different temperatures investigated, the maximum amount of solids formed on vessel surfaces per unit of time occurred at a molar ratio of Al:Si =l (0.1 MA1 and 0.1 M Si) at all temperatures investigated. From visual inspection, the amount deposited per unit time at this ratio appears to be at,a maximum at the highest temperatures (80 and IOO'C) and apparent but slower at 40°C. Since the mineral sodalite contains this molar ratio in its lattice, one can see why this might be a worst case.
4.7.1' Using Aluminum Concentrations in Excess of Silicon
'The analytical concentration of aluminum and silicon in tank 43H at different levels indicates.that the molar ratios of Al:Si are amazingly constant at a ratio of 50: 1 si5 In this study, we have usually maintained an excess of alum&rum with a maximum Al:Si molar ratio of 29: 1 0 As previously stated, the maximum rate of solids deposition on vessel surfaces occurred at an Al:Si molar ratio of 1 with the deposition rate, based upon visual inspection, highest at 80°C and 100°C and lowest at 40°C. At a molar ratio of 2:l (0.1 MA1 and 0.05 MSi), the bulk of the solids favored deposition on the bottom of the vessel at the higher temperatures (60 and SO"C), while at 4O"C, deposition was more pronounced on the wall than the bottom; the reason for this is unclear. In addition, for tests performed at ratios of 20: 1, no scale formation was observed at all at any temperature over 2 to 5 days of testing. As discussed previously, the reason for this is believed to be due in part to the concentrations atthis molar ratio (0.1 MAI and 0.005 M Si) (neglecting activity coefficients) being close to the solubility product for the sodalite, depending upon the literature value chosen; therefore, the mass action driving force is low.
Using Silicon Concentrations in Excess of Aluminum
Six tests were performed in which the amount of silicon exceeded' that of aluminum. These few tests yielded some analytical results for silicon that were especially poor, and results did not lend themselves well to kinetic interpretation. Results did, however, show that at an Al:Si molar ratio of 0.05 (0.005 MA1 and 0.1 MSi), no measurable reaction between aluminate and silicate occurred over 4 days at 40°C. Using the same ratio at '60°C resulted in some solids forming only on the bottom of the vessel; these solids did not adhere well to the vessel after ' 4 days. Upon repeating this test with a molar ratio of 0.05 and again at 8O"C, solids only formed in the bulk of the solution and not on vessel surfaces at all after 29 h. Analytical results for silicon were erratic, but aluminum. results were good and indicated that approximately 56% of the aluminum had been removed from the solution.
Tests performed at Al:Si ratios of 0.5 (0.05 MA1 and 0.1 A4 Si) at 40°C yielded solids which only formed on the bottom of the vessel after 5 days and were very firmly attached. Duplicating this test at 60°C again showed the formation of solid on the bottom and numerous shark's teeth on the walls after 30 h. Again duplicating this test at 80°C and at the same molar ratio, it was found, based on the aluminum analytical results, that 98.6% of the aluminum had been removed from the solution. In this case the bulk of the solution contained solids, but most solids formed a hard, well-adhering scale with a soft, nonsticking layer above on the bottom of the vessel.
'4.8 ZiOLITE A PRECURSOR PHASE
There has been speculation regarding which mineral phase may form as a precursor to the formation of sodalite both in the bulk solution as well as on vessel walls.'* Knowing the identity of the precursor phase could theoretically allow for some control over the conditions which favor or impede the formation of the precursor phase and thereby aid in controlling sodalite formation 21 Throughout this work, nearly all solids formed, whether in the bulk of the solution or attached to vessel surfaces, have been shown to be the nitrate-nitrite-based sodalite * The intercalation of both nitrate and nitrite has been reported by Buhl.** Only on two occasions was the presence of Zeolite A indicated. The XRD spectra in Fig. 7 shows that the solids filtered from the bulk of the solution in a test at 80 "C and Al:Si = 1 were initially Zeolite A during the first.2 h and then were converted'to the nitrate-nitrite-based sodalite starting at 3 h. According to Breuer, this conversion is expected to occur at 70°C and above, and is enhanced by high alkalinity.2~Additionally, Zheng et al., also reports, based upon sodalite formation results obtained at temperatures between 70 to lOO"C, that initially crystallized zeolite transforms to sodalite.24
In a test at 40°C and at the same AI:Si molar ratio, Zeolite A was also found in solid scraped from reactor vessel walls. It is possible that the conversion from Zeolite A to the sodalite extends to the lower temperature where it is much slower. Because the conversion rate may have been so much slower at 4O"C, we were unable to see it using XRD. , 
USING CARBON BLACK AS 4 SEED
During this phase of the investigation, an effort was made to take advantage-of the wellknown ability of seed material to lower the free energy associated with heterogeneous nucleation and therefore speed the rate of formation of the sodalite in the bulk solution. In the case of heterogeneous nucleation, the presence of a foreign surface can lower the overall free energy change associated with the formation of a critical nucleus; that is, * Gcrit,he* = @ * Gcrit ,ilO"
The quantity @ is less than 1, and it takes into account the reduction in AG due to participation of foreign surfaces in the nucleation process, where and a, the contact angle between the deposit and the foreign solid surface, becomes a measure of the affinity between the nuclei and the foreign solid surface.25 Normally one would expect to choose a solid surface which is not only crystalline but perhaps composed of the expected mineral phase formed during desilication-in this case sodalite or a similar homolog. The enhancement in reaction rate in bulk solution due to the use of seed material has already been investigated and proven throughout the literature.20*26"0 According to,Barnes et al., "the desilication rate was observed to increase dramatically due to seed crystal growth with the suppression of scale formation."2o This approach to scale control based upon seeding is used effectively in both the United States and in Russia. According to the Kirk-Othmer encyclopedia, "the second approach, the so-called seeding technique, provides preferential sites for the nucleation of scale which permits the heat-transfer surfaces to remain clean of scale." Field use in Russia was reported in the mid-196,Os and by all of the Resources Conservation Company's (Bellevue,Washington) vapor-compression units in the United States.g, 31 Carbon black, sometimes called lamp black or Paris black, is a major component of tires and also newspaper printing ink and has a surface area of up to as much as 1100 m*/g. It is not a crystalline material, but it is sometimes called polycrystalline (nongraphitic) due to hexagonalshaped pairing of particles in random directions and with nonuniform lattice spacing in small crystallites in an amorphous carbon bulk. However, its potential to be oxidized to COZ in the cold cap of the glass melter made it an attractive material to try as a seed. In a single test at 80°C and Al:Si = 1, the carbon was used at 2.4 kg/1000 L of simulant feed. This was very likely much more carbon than was needed as a suitable seed. The carbon was used without adding any wetting agents to it, and after 5 min the floating carbon was wetted by the hot solution and remained dispersed.
After 6 h, the test was ended and it was found that most of the low-density carbon collected at the bottom of the vessel when mixing was halted. Although pure carbon has a density of 2.26 gm/cc, carbon black has 40% void space which lowers its density to about 1.3 gm/cc, which is close to that of the simulant.32 The walls of the vessel at this temperature and Al:Si ratio normally appear to be coated with the maximum amount of solid, especially on the bottom of the vessel and cannot be scraped off. Following the use of carbon black, the walls as well as the bottom of the vessel were clean to the naked eye.
The scanning electron micrographs (SEMs) of the solids that form at the bottom are shown in Figs. 8 and 9. Carbon taken from the bottom of the reaction vessel shows the ' characteristic yarn-like balls of sodalite attached to the shapeless surfaces of the carbon, which have more rounded edges (Fig. 8) . For comparative purposes, Fig. 9 shows the rather shapeless carbon black not used in the reaction.
Because of experimental conservatism, this first test of using carbon black as a crystallization .seed employed far more carbon black than was probably needed. For this reason, the photomicrograph in Fig. 9 is overwhelmed by much of the shapeless carbon mass at this magnification The solids shown in the figure were washed with very large volumes of water and were combined with soaking overnight to ensure that simulant salt crystals would not be present. 
A KINETIC TEST AT 100°C
Although this phase of the work focused on the temperature range of 40 to 8O"C, a single test was performed at 100°C and at an Al:Si ratio of 1; that is, both aluminum and silicon were initially at 0.1 M. For this test, the water in the bath was replaced with silicon oil, which aIlows work closer to the boiling point of this simulant (-109OC) at atmospheric pressure to be performed. In addition, the 20-mL sample bottles receiving the intermediate samples were placed in an ice bath. These samples were stored in ice until the end of the 7-h test, at that time they were moved to a refrigerator until being analyzed by ICP. This was done to ensure that the samples removed would be less Iilcely to continue to react while awaiting chemical analysis.
As one might predict, the kinetics of desilication was much faster at this higher , temperature, and unlike other tests, no induction period was present during the early stage of the reaction. The curves of concentration versus time are shown in Fig. 10 , with an apparent approach to equilibrium revealed between the solid phase and the solution aluminate and silicate concentration during the last 3 h. At this temperature and under these conditions the reaction appears to have been completed in 4 h. If we assume that an equilibrium is achieved during the last 3 h of the 100°C reaction, then from the analytical concentrations of aluminate and silicate we can calculate a solubility product at this temperature and ionic strength. From the solution concentrations during the last 3 h, neglecting activity coefficients, we calculate a solubility product (kJ of 2.6 f 0.1 x 10"' M2/L2 for the nitrate-nitrite-sodalite, which appears to be within the acceptable range of published values at this temperature.33p 34
CONCLUSIONS
Desilication kinetics of the Savannah River 2H evaporator simulant exhibited secondorder kinetics with a maximum rate of nitrate-nitrite;based sodalite formation at the highest temperatures and at .Al:Si molar ratios of 1: 1 (0.1 M Al and 0.1 M Si), corresponding to the same molar ratio present in the sodalite mineral. A second-order reaction rate constant Was ' , extrapolated to the 2H evaporator operating temperature (-130°C) and was found to be 0.012 L mol-' s-l, which would correspond to a reactant half-life in the evaporator of 13.9 min, assuming a 0.1 M feed. The apparent Arrhenius activation energy for the formation of the crystalline sodalite was found to be 35 kJ/mol.
Desilication reactions performed at Al:Si molar ratios as high as 20: 1, regardless of the temperature, were slow' by comparison with other conditions investigated. Even after 130 h, no change in reactant concentrations could be observed within the inherent analytical sensitivity. This may have been due in part to the fact that we chose to operate close to the solubility limit for the sodalite mineral, depending upon the literature value considered. From a single test conducted at 100°C and au Al:Si molar ratio of 1 :l , a solubility product for the nitrate-nitritebased sodalite formed was found to be 2.6 f 0.1 x lOA M2/L2 at this temperature and ionic strength.
Tests were also performed in which the concentration of silicon was higher than that of aluminum at Al:Si ratios of 0.5 and 0.05 and at temperatures of 40,60, and 80°C. It Was found that under most of these conditions, solids formed on vessel surfaces except at the maximum temperature and when silicate concentrations were highest compared with aluminate. In one test at an Al:Si molar ratio of 0.05 (0.005 MA1 and 0.1 M Si), or equivalent to a Si:Al ratio of 20: 1, at 80°C produced solids only in the bulk of the solution and no visual trace ofsolid formation on vessel surfaces. This reaction consumed 56% of the available aluminum over 29 h. Although only a single test produced these results, high Al:Si ratios at high temperatures Will be considered during the next phase of testing.
Throughout this work, the predominant aluminosilicate solid identified by XRD, either in the bulk solution or adhering to reaction vessel surfaces, was a nitrate-nitrite-based sodalite. Once formed, this solid adhered to the polished steel surfaces of the 304-L SS reaction vessels such that removal was always very difficult, requiring the use of sulfuric acid to remove it. In all tests, based upon visual inspection and the use of a scraper to check for solids, the wall surface in the same plane as the propeller and just above it always remained free of scale ,or deposition. In addition, the area directly below the propeller, which always operated at 250 rpm, also remained free of any scale or deposition. The reason for this is likely related to solution hydrodynamics and therefore particle movement profiles within the stirred reaction vessel.
Observations made during the course of this work have consistently shown that in areas where particles impact the metal surface more directly (at a steeper angle) and with presumably higher kinetic energy imparted by the mixer blade and solution, adherence to the surface becomes more pronounced. In addition, surface-adhering particles appear to grow laterally across the surface, forming a thin sheet of solid which can then build new layers. It.also appears that particles (crystals) that impact each other agglomerate and form a sheet which may stand vertically on the surface in parallel layers with space in between. The vertical layers follow the direction of the expected solution movement, forming uniform spirals, especially on the vessels bottom, at the outside edge of the mixer propeller. This observation can lead one to speculate that a sodalite crystal, once formed, may be coated by a diffuse gel-like layer that feeds crystal growth but also acts like a "glue"to facilitate agglomeration upon particle-particle impact and with similarly coated vessel surfaces.
Although most XRD analyses of the aluminosilicates that formed proved to be the nitratenitrite-based sodalite, a search for an expected precursor solid such as gibbsite or a zeolite during two different tests revealed that Linde Zeolite A formed first and was then converted to the sodalite. Although this conversion is known to occur at temperatures of 70°C and above from the literature, some Zeolite A was found on reactor vessel walls at 40°C with an Al:Si ratio of 1: 1 0 In addition, samples of solids formed in solution over the first 3 h of a test at 8O"C, and at the same Al:Si ratio, revealed that Zeolite A was forming initially in solution and then converting to the sodalite mineral after 3 h, as proven by XRD analyses. If this is the only solid precursor to the formation of problematic sodalite, and if the reaction pathway must include its metastable formation, then perhaps efforts directed at destabilizing its formation might prove useful.
A single test was performed near the end of this phase of the experimental work using carbon blac,k, a material present in tires and newsprint ink, as a seed material to promote the formation of sodalite more rapidly in the bulk of the solution rather than on vessel surfaces. This test was performed at a temperature of 80 "C and an Al:Si molar ratio of 1: 1, which are the conditions where fast kinetics and the maximum surface deposition occur. Although much more carbon was used than was likely necessary (equivalent to 2.4 kg/l 000 L of solution), no solids I formed on the vessel walls and the carbon black with attached mineralization collected on the bottom of the reaction vessel. This material would likely be oxidized in the cold cap region of the glass melter to CO, and hence was of interest as one of a number of potential seed materials.
RECOMMENDATIONS
Keeping in mind that the results of these studies are based on only a few experiments, two possible approaches were identified that could lead to the elimination of evaporator scaling problems -the use of higher Si:Al ratios in the feed solution and the use of seeds to promote bulk solution precipitation, perhaps using carbon-blacked seeded reactions. 
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